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Undersea Hyperbaric Med 1996; 23(2):83-89.--Sprague-Dawley rats were compressed to 616 kPa (a) lbr 120 rain then decom-
pressed at 38 kPa/min to assess the cardiovascular and pulmonary responses to moderate deeompression stress. In one series of
experiments the rats were chronically instrumented with Doppler ultrasonic probes for simultaneous measurement of blood pressure,
cardiac output, heart rate. left and right ventricular wall thickening fraction, and venous bubble detection. Data were collected at base-
line. throughout the compression/decompression protocol, and for 120 min post decompression. In a seeond series of experiments
the pulmonary responses to the decompression protocol were evaluated in non-instrumented rats. Analyses included blood gases.
pleural and bronehoalveolar lavage (BAL) protein and hemoglobin concentration, pulmonary edema. BAL and lung tissue pbospho-
lipids, lung compliance, and cell counts. Venous bubbles were directly observed in 90% of the rats where immediate post-decom-
pression autopsy was performed and in 37% using implanted Doppler monitors. Cardiac output, stroke volume, and right ventricular
wall thickening fractions were significantly decreased post decompression, whereas systemic vascular resistance was increased sug-
gesting a decrease in venous return. BAL Hb and total protein levels were increased 0 and 60 min post decompression: pleural and
plasma levels were unchanged. BAL white blood cells and neutrophil percentages were inereased 0 and 60 rain post decompression
and pulmonary, edema was detected. Venous bubbles produced with moderate decompression profiles give detectable cardiovascular
and pulmonary responses in the rat.
decompression illness, venous bubbles, air embolism, cardiovascular, pulmonary
Decompression can result in bubble formation in veins and
tissues, in a dose-related fashion depending on the rate and
degree of pressure reduction (1-2). Symptoms of decompres-
sion illness (DCI) include pain-only manifestations as well
as circulator,, or neurologic events, linked with the site of the
bubbles, especially whether the>.' are in an intravascular or
extravascular location (3). A common conclusion is that
extravascular bubbles are associated with pain-only symp-
toms (most often joint pain), although intravascular bubbles
are commonly detected and reported in the evaluation of
decompression stress (4).
Animal models have offered numerous insights into the
mechanisms and etiologies of the symptoms of DCI. The
smaller animal models usually require more extreme decom-
pression exposures before more typical symptoms are mani-
fested. These symptoms may also be far more severe than
occurs routinely in the human clinical situation, especially
where actual mortality rates are reported. The rat, for ex-
ample, is a model commonly used in experimental DCI. but
often requires greater extremes in decompression protocols
(5-7). As a result, the more subtle effects of DCI are often
overshadowed by the onset of severe circulatory, or pulmo-
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narv' complications. Large animals such as the goat and
sheep have been useful in evaluating the effects of decom-
pression profiles in terms of limb pain (8-9) or respiratory'
complications (10), whereas the dog and swine have been
used for hemodynamic assessment (11-13). Flynn and
Lambertsen (14) reported in a number of animal models a
log-log relationship between body weight and the nitrogen
dose required to produce DCI. Because of a difference in
relative susceptibili_' in symptoms, thev did not recommend
making direct projections to man.
Of equal importance in drawing conclusions from one spe-
cies or measurement to another is the type and accuracy of
symptom or measurement being made. The purpose of the
present study was to examine the effects of moderate decom-
pression stress in terms of cardiovascular function and pul-
monary responses in chronically instrumented, conscious rats
using a profile that was well below a threshold of significant
mortalits.
METHODS
Sprague-Dawley rats were used to study' the cardiac func-
tion and pulmonary' changes with decompression. The rats
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were divided into two groups, one using chronically instru-
mented, awake rats for cardiovascular function assessment
and the second using non-instrumented rats for pulmonary
measurements. The pulmonary group was subdivided into
groups 2-4 (2 controls, 3 those monitored0 min post decom-
pression, and 4 those monitored 60 mm post decompression).
Cardiovascular function (group 1)
(n = 19, wt = 424 + 41 g)
lnstrumentanon: Our evaluation was based on simultane-
ous measurement of arterial blood pressure, cardiac output,
heart rate, left and right ventricular wall thickening fraction,
and venous bubble detection. For surgical placement of the
probes, the rats were anesthetized with halothane, intubated,
and ventilated. The pericardium was exposed and sectioned
through a left parasternal thoracotomy. To measure cardiac
output (CO), a 20-MHz pulsed Doppler flow probe was
placed around the ascending aorta. To measure left and right
ventricular wall thickening fraction, a 20-MHz wall thick-
ness epicardial probe was sutured to the left ventricular wall
and a 10-MHz epicardial probe was sutured to the right ven-
tricular wall. Silastic catheters were placed into the abdom-
inal aorta via the femoral artery and the jugular vein for
venous access and blood pressure measurement. An 18-
gauge thoracic drain was positioned until closure of the
chest. The ultrasound probe leads and catheters were tun-
neled subcutaneously to the dorsum of the neck for external-
ization. The lungs were then reinflated under vacuum, and
the surgical wound infiltrated with bupivacaine (0.5%) for
post-operative analgesia. Antibiotics were given for 5-7 days
(gentamycin, 5 mg/kg i.m.).
The Doppler recordings were made with a Hartley pulsed
Doppler flow/dimension system (15) and continuously dis-
played on a six-channel recorder. The wall thickening frac-
tion (TF) was measured by velocity, integration of the range-
gated ultrasonic signal as it passed through the myocardial
layers at a fixed distance from the epicardial surface where
the probe was attached. The range depth was 2-3 nun. TF
has been previously demonstrated to be an index of myo-
cardial contractility also dependent on preload and afterload
(16). The pulsed Doppler system for determining cardiac
output in rats has been described in detail (17). The pulsed
Doppler resolves frequency shifts of up to 62.5 KHz
(PRF/R) at a maximum range (R) from 0.6 to 6 mm and a
spatial range of 0.3 mm.
The right ventricular Doppler probe was sutured to the myo-
cardial wall such that the signal could also be range- gated
across the pulmonic valve to detect venous bubbles circu-
lating into the pulmonary artery. Optimal audio signals were
verified by rapid injection into the venous catheter of small
volumes of sterile saline.
Hemodynamic measurements: Hemodynamic variables,
including heart rate (HR), mean arterial blood pressure
(MAP), CO, and left and right ventricular wall TF were pro-
cessed with the multichannel Doppler flow/dimension system
and continuously recorded. The TF was determined as the
maximum excursion recorded during systole (SE), divided by
the sample volume depth; %TF = 100 (SE/R), where SE is
expressed in millimeters and R is the range gate depth in
millimeters. Systemic vascular resistance (SVR) was
calculated as MAP/CO.
Procedure: The conscious rats were placed in a rodent
restraint apparatus and acclimated to the chamber environ-
ment before collection of baseline data. The chamber was
then compressed to 616 kPa (a) at 34 kPa/min for a bottom
time of 120 min, then decompressed to sea level at 38
kPa/min. Hemodynamic monitoring continued throughout
the compression/decompression procedure and for 120 min
after. The chamber environment was maintained at room
tempera-ture (+4°C) during both compression and decom-
pression with a constant fresh air flow.
Pulmonary measurements (groups 2-4 n = 60)
Group 2 rats (440 + 59 g) consisted of non-decompressed
controls, group 3 rats (421 + 57 g) were decompressed and
measurements taken immediately after the decompression (0
mm post decompression), and group 4 rats (406 + 27 g) were
decompressed and measurements taken 60 min post
decompression. At 0 or 60 min post decompression the rats
were anesthetized (pentobarbital sodium, 50 mg i.p.) and an
arterial blood sample was collected anaerobically from the
abdominal aorta for blood gas, plasma protein, and white
blood cell analysis. Pulmonary artery, blood samples were
collected by direct puncture of the pulmonary, artery fol-
lowing thoracotomy. The animals were then exsanguinated,
pleural fluid collected, and the lungs removed for measure-
ment of compliance, bronchoalveolar lavage (BAL) collec-
tion, and extravascular lung water (pulmona_' edema)
measurement. Not all measurements were obtainable from
each rat. The number of rats/measurement are listed in the
tables.
Bronchoalveolar lavage: Upon removal, the lungs were
weighed, degassed under vacuum, and lavaged via tracheal
cannula with 10 ml cold, normal saline (5°C) 6 times for a
total volume of 60 ml. Recovered BAL volume was 93 +
0.03%.
The BAL, total plasma, and pleural fluid protein was
assayedusing a modified Lowry method ( ] 8). and Hb levels
were measured using a modified benzidine assay.
Phospholipid analysis: Lung phospholipids were assayed
from both BAL and freshly extracted lung tissue. Fifteen
milliliters of pooled BAL or 0.9 g tissue homogenate were
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extracted, using the chloroform/methanol procedure of Folch
et al. (19), and spotted onto silica gel thin-layer chromatog-
raphic plates for two-dimensional development. Phospholip-
id amounts were determined by measuring the phosphorous
content of each developed spot.
Lung compliance: Before BAL collection, quasi-static lung
compliance was measured in the isolated lungs. The lungs
were degassed under vacuum, put into a heated/humidified
chamber, and connected via a tracheal cannula to an infusion/
withdrawal pump and airway pressure transducer. They were
inflated to 30 cmH20 (20 ml/min) and allowed to equilibrate
(15 min) while maintaining 30 cmH20 pressure. Inflation/
deflation pressure-volume curves were determined, from
which compliance values were derived.
Pulmonary edema measurement: The amount of blood-free
extravascular lung water (edema) was measured using a
modified method of Pearce et al. (20) which accounted for
the blood volume in the tissue. The extravascular lung water
(EVLW) was expressed as the extravascular fluid to dry'-
weight ratio.
Cell counts: BAL, pleural fluid, and blood (arterial and pul-
monary) white cell counts were performed using a Neubauer
hemacytometer with EDTA stablization. Differential cell
counts were performed with microscopic survey using
Wright-Geimsa and esterase stains.
Data analysis
Data were analyzed using analysis of variance (ANOVA)
(repeated measures for hemodynamic data). Individual com-
parisons were analyzed usmg Student's t test with Bonferroni
correction. Significance was considered at P < 0.05.
These studies were approved by the Institutional Animal
Care and Use Committee.
RESULTS
The decompression profile used in this study was selected
to produce saturation conditions with moderate bubbling and
symptoms. Venous bubbles were visually observed in 90%
of the rats examined immediately after decompression (group
3), while only 3% (2/60) demonstrated gross symptoms of
DCI (hindlimb paralysis, severe respiratory complications,
etc.). Doppler bubble detection in the instrumented rats
(group 4) was less conclusive, demonstrating bubbles in 37%
(7/19) of rats in which the probe functioned properly. The
insensitivib, of the Doppler data may be attributable to the
placement of the probe on the right ventricular wall vs. the
more common precordial site where effective sampling of all
venous blood is more assured. Quantitation of the bubbles in
terms of size or count was not undertaken in these studies.
Blood gas measurements: (Table l) Arterial Po2 values
were decreased in group 3 rats (nonsignificant) and elevated
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in group 4 (significant). PaCO 2 values were significantly
increased (44.9 + 2.4 to 51 +1.8 mmHg) in group 3 (P <
0.05) and were unchanged in group 4. Increased respirator3'
frequency with decreased tidal volumes was observed visu-
ally in 68% of the rats 0 min post decompression. These rats
had PaCO2 values significantly higher (53 + 8 mmHg) than
those without respiratory symptoms (47 + 1 lmmHg) or from
the control group (44.9 + 2.4 mmHg).
Pulmonary measurements: (Table 2) BAL hemoglobin val-
ues were increased in groups 3 and 4 by 7.5 and (P < 0.05)
17-fold, respectively. BAL total protein was increased in
groups 3 and 4 (36 and 77%; group 4, P < 0.05). The BAL
protein:plasma protein ratio was also significantly increased
in group 4 compared to controls. Plasma protein levels were
unchanged. Pleural protein and Hb values were unchanged.
Lung compliance was decreased by 10% in group 3 and 16%
in group 4 (non-significant). BAL phosphatidyi choline (PC)
levels were unchanged in groups 3 and 4 compared to
controls, whereas BAL lysophosphatidylcholine (LPC) levels
were significantly increased in both groups. Tissue PC and
LPC levels were unchanged in both groups (Table 2)
Cell counts: Pulmonary blood white cell counts (WBC)
were increased in group 4 (Fig. 1, bottom). The percentage
of arterial and pulmonary WBC that were neutrophils was
slightly elevated (nonsignificant) in both groups (Fig. 1, top).
Pleural fluid WBC was decreased in group 3, a dilutional
effect, whereas the percentage of neutrophils was increased
in group 4 (P < 0.05). BAL WBC increased significantly in
both groups 3 and 4 (121 and 212%, respectively), as did the
percentage of neutrophils in group 4 (Fig. 1, top).
Pulmonary edema measurement: Extravascular lung water
(wet:dry weight ratio) was significantly elevated in group 4,
60 min post decompression (Table 2). Cut lung surfaces
often revealed perivascular cuffs of edema fluid, especially
around larger vessels. Excess airway fluid was not observed.
Cardiovascular measurements (Fig. 2): Mean arterial
blood pressure was significantly elevated at the end of the
compression period and unchanged post decompression. HR
was unchanged throughout the compression/decompression
protocol. CO (Fig. 3) was unchanged throughout the com-
pression period, decreased upon return to sea level pressure
(21%, P < 0.05), and remained decreased for 60 min post de-
compression (21%, P < 0.05). Comparable changes occurred
with stroke volume, with a greater degree of recovery, how-
ever (18% from baseline), 120 min post decompression.
Systemic vascular resistance (Fig. 2) was unchanged during
the period of compression, increased significantly 0 and 60
min post decompression (65 and 70%), and remained ele-
vated for 120 min (34%). Left ventncular wall TF was un-
changed for all groups, whereas right ventricular TF (Fig. 3)
was decreased significantly post decompress.on.
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Table 1: Lung Function and Blood Gas Data*
Control
Post Decompression
0 min 60 min
_ Compliance, ml/cmH20 1.10 ± 0.02 (4) 1.00 ± 0.05 (5)
, L?I TLC, ml 22.1 ± 0.04 (5) 21.6 ± 1.14 (6)
.... :,., OaO2, mmHg 91.8 _: 3.53 (20) 81.2 :_ 4.34 (25)
PaCO2, mmHg 44.9 ± 2.35 (23) 51.0 b ± 1.77 (26)
' pH 7.36 ± 0.016 (23) 7.32 ± 0.012 (26)
..... ,. 'q)ata are mean ± SE. Numbers in parentheses are n. bp < 0.05 vs. controls. TLC = total lung capacity.
Table 2: BAL lib, BAL:Plasma Protein, EVLW Ratio, Phospholipids _
0.92 ± 0.06 (9)
20.8 ± 0.56 (9)
101.2 b ± 2.30 (35)
42.6 ± 1.31 (35)
7.37 ± 0.012 (35)
Control
Post Decompression
0 min 60 min
BAL Hb, ml/100 ml 0.02 ± 0.014 (11) 0.167 ± 0.097 (11)
Plasma protein, g/100 ml 4.83 ± 0.20 (13) 5.03 ± 0.23 (14)
BAL protein, g/100 ml × 10 -3 12.87 ± 1.20 (15) 17.45 ± 2.60 (15)
BAL protein/plasma protein 2.67 ± 0.26 (13) 3.49 ± 0.53 (14)
EVLW 4.18 ± 0.05 (18) 4.27 ± 0.08 (22)
Phosphatidylcholine, lag/lung
Tissue 3,094 ± 551 (7) 4218 ± 605 (12)
BAL 750 ± 101 (11) 668 ± 85 (10)
LPC, lag/lung
Tissue 364 _: 36 (7) 408 ± 36 (12)
BAL 2.0 ± 0.4 (10) 4.2 b± 0.8 (10)
0.375 b ± 0.077 (12)
5.22 ± 0.11 (14)
22.81_ ± 2.22 (16)
4.40 b+ 0.58 (14)
4.53 b ± 0.13 (24)
4,478 ± 747 (12)
745 ± 104 (11)
356± 18(11)
7.4 b ± 1.3 (9)
. ,L, _,
if)am are mean ± SE. Numbers in parentheses are n. bp < 0.05 vs. controls. LPC = lysophosphatidyl choline
DISCUSSION
The data reported in this study further demonstrate the util-
ity of the rat model in the evaluation of cardiovascular and
pulmonary responses to moderate decompression stress.
Changes in cardiovascular parameters are consistent with
those reported in other species such as the dog or the pig
(11-13). MAP values are commonly increased (often nonsig-
nificant) with moderate decompression exposures in the
larger species. We observed an increase in MAP during com-
pression only with no changes post decompression.
Decreases in HR have been reported during compression,
whereas increases lasting up to several hours post decom-
pression or no change at all have also been reported (12, 13).
In our study, the increase in HR observed 60 min post de-
compression was not significant. Changes in HR may be
attributable to sympathetic stimulation or changes in PaCO_
and concomitant increases in SVR may also be a result of
direct sympathetic stimulation or a result of cathecholamine
release (21,22).
Previous studies have reported a decrease in CO following
an increase in pulmonary vascular resistance (23). Others
have suggested that decompression-induced decreases in CO
may be due to changes in venous return, increased load on
the right ventricle as a result of the obstructed pulmonary cir-
culatiom or to increased afterload on the left ventricle due to
the elevated SVR (11,12, 23).
Our data suggest that a decrease in venous return may be
responsible for the decrease in CO recorded after decompres-
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FIG. 3--Cardiac output (CO) decreased at surface and 60 min. post
decompression while right ventrieular thickening fraction (TFRv) showed
parallel responses.
sion. Evidence supporting this concept includes:
• The decrease in right TF related to either a decrease in an
intrinsic cardiac inotropism or a decrease in venous return.
Both mechanisms have been previously described. Right
ventricular failure may occur because of myocardial ischemia
resulting from a decrease in coronary blood flow due to a
decrease in coronary perfusion pressure (e.g.° decrease in
aortic diastolic pressure associated with elevated right ven-
tricular end-diastolic pressures) (24) or a failure of the right
ventricle to compensate for the increase in pulmonary vascu-
lar resistance due to the presence of bubbles following de-
compression. However, it is unlikely that a decompression-
induced right ventricular failure was involved in the decrease
in TF. Thus, the TF decreased only in the right ventricle after
decompression. Furthermore, the changes cited above are
reported with more severe cases of DCl or with air emboliza-
tion where right ventricular pressures are greatly increased.
• In the absence of cardiac failure, a decrease in venous
return is associated with a decrease in preload of the left
ventricle.
• It is established that in the absence of preload changes, an
increase in afterload (e.g., systemic vasoconstriction) is
associated with a compensatory increase in cardiac contrac-
tility to maintain cardiac output. This is reflected as an
increase in left TF (Starling's Law).
In our experimental conditions, left TF remained unchanged
despite an increase in SVR and decrease in CO. Therefore
the lack of expected let2 TF increase also represents an argu-
ment in favor of a decrease in venous return occurring after
decompression. Any additional effects of venous bubbles or
mediator-induced changes in venous resistance or capitance
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or both may also have contributed to a decrease in venous
return.
Pulmonary effects of decompression-induced or exogenous-
ly introduced venous bubbles include their interactions with
cellular components of the blood. Such interactions include
platelet and neutrophil activation and the associated release
of bioactive mediators including; serotonin, histamine, ki-
nms, prostaglandins, lymphokienes, thromboxanes, and
leukotrienes (1, 25-27). These agents can alter microvas-
cular membrane and epithelial permeability and vascular
tone, leading to pulmonary edema formation (27). This was
evident in the present study by an increase in EVLW as well
as increases in WBCs in BAL and pulmonary blood as well
as neutrophil percentages in pleural and BAL fluid. Ohkuda
et al. (28) and others have demonstrated pulmonary edema
with venous air infusion suggesting a reversible change in
permeability of the microvascular membrane. Catron et al.
(29) and Peterson et al. (30) reported pulmonary edema after
DCI or venous air infusion without an increase in left
ventricular end-diastolic pressures. These observations are
consistent with the reported data and suggest that even with
moderate decompression, some change in lung fluid balance
is possible. Similar changes have been reported with widely
variable pressure exposures in animals and man (13,27,29,
31,32). The significant increases in LPC are consistent with
other studies suggesting its role in altering lung fluid balance,
especially regarding changes in BAL (33). Venous air embo-
lism in dogs has been shown to cause pulmonary endothelial
disruption, platelet and leukocyte adherence to bubble sur-
faces, and increases in leukocyte counts and degranulation
(34,35). Similar findings have been reported in mesenteric
vessels after decompression in rats (25) and in pulmonary
vessels in mice (36). The results of this study demonstrate
cardiovascular function and pulmonary changes with mod-
erate DCI in the rat. They further demonstrate that the effects
of circulating bubbles can be measured physiologically even
in a small animal model at moderate decompression expo-
sures and parallel many of the reported changes that are seen
with larger animals and man.
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